INTRODUCTION {#sec1-1}
============

Reactive Oxygen Species (ROS) such as hydrogen peroxide (H~2~O~2~), superoxide anion (.O2^−^), and hydroxyl radicals (.OH) can be produced by human living spermatozoa incubated under aerobic conditions.[@ref1] In addition, the principal sources of endogenous ROS in semen is considered either seminal leukocytes[@ref2][@ref3][@ref4] or abnormal spermatozoa.[@ref5][@ref6][@ref7] Aitken and Clarkson first detected ROS in washed human semen in 1987 using a chemiluminescence method.[@ref2] Since then, there have been many reports about the influence of oxidative stress on male fertility. ROS is important to the normal functions of spermatozoa, such as hyperactivation, capacitation, and acrosome reaction.[@ref8][@ref9] On the other hand, excessive levels of ROS are known to cause significant damage to both mitochondrial and nuclear DNA within human spermatozoa.[@ref10][@ref11][@ref12][@ref13] ROS also damage polyunsaturated fatty acids, and in particular, docosahexaenoic acid with six double bonds per molecule, in spermatozoa cellular membranes to generate lipid peroxides.[@ref14] Excessive lipid peroxide production leads to the loss of sperm motility and membrane fluidity for fusion with the vitelline membrane of the oocyte. Iwasaki and Gagnon using the same chemiluminescence method reported that ROS formation in whole semen was detected in 40% of infertile male patients and that ROS levels were inversely correlated with sperm motility and linearity.[@ref15] The Computer-Assisted Semen Analyzer (CASA) can easily analyze sperm concentration, motility, and multiple other motion parameters such as straight-line velocity (VSL), curvilinear velocity (VCL), linearity index (LIN: the ratio of VSL to VCL), beat cross frequency (BCF), mean amplitude of lateral head displacement (mALH), and progressive motility. Although it has been suggested that these sperm motion parameters are very important in the evaluation of male infertility, there have been few reports on the correlation between sperm motion parameters and ROS in semen. Using a chemiluminescence method, we measured ROS levels in whole semen samples from male infertility patients and investigated possible correlations between ROS concentration and sperm motion parameters as measured using CASA.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Subjects {#sec3-1}

A total of 847 male patients (mean age: 37 years; range: 21--68 years) consulting at our male infertility clinic at Yokohama City University Medical Center, Reproductive Center from April 1994 to December 2013 were evaluated retrospectively. Azoospermic patients were excluded. Except for the partners of gynecological patients, every patient received a medical interview, medical examination, and endocrine examination at the first consultation. All patients provided their informed consent for participation. The study design was approved by the Institutional Review Board of Yokohama City University Medical Center.

### Semen collection and assessment of semen parameters {#sec3-2}

Semen specimens were collected by masturbation after 48--120 h of sexual abstinence. Semen analyses were conducted 3 times before treatment with the CellSoft 3000™ (CRYO Resources Ltd., NY, USA) in 288 patients or the Sperm Motility Analyzing System (SMAS™: DITECT Ltd., Tokyo, Japan), a new CASA system in 559 patients that analyzes sperm at 37°C after complete liquefaction. In accordance with the criteria of the World Health Organization (WHO) standards of 2010,[@ref16] the following parameters were measured: semen volume, sperm concentration (×10^6^ ml^−1^), sperm motility (%), VSL (μm s^−1^), measured as the straight line distance from beginning to end of a sperm track divided by the time taken; VCL (μm s^−1^), measured as the total distance traveled by a given sperm divided by the time elapsed; linearity index (LIN, the ratio of VSL to VCL); mALH (μm), measured as the mean width of sperm head oscillation; BCF (Hz), defined as the frequency of the sperm head crossing the sperm average path; and progressive motility (%), or the fraction of spermatozoa that progress at a rate \>25 μm s^−1^.

SMAS™ consists of a digital scanning camera, a personal computer with a digital frame grabber, image-processing software, and a computer monitor. This setup requires just a few minutes to analyze semen and can be performed easily. This method was selected on the basis of the reports from Komori *et al*. and Akashi *et al*. that showed significant correlations between the semen parameters (sperm concentration and motility) obtained using SMAS™ and manual semen analysis,[@ref17][@ref18] and between those using CellSoft 3000™ and manual semen analysis, although the value of sperm motility as measured by SMAS™ and CellSoft 3000™ is known to be slightly lower than that obtained by manual determination.

However, sperm motion parameters such as VSL, VCL, LIN, mALH, BCF, and progressive motility as measured by CASA were calculated on the basis of a unique algorithm on each CASA system. Therefore, the reduction formulas were not established between the CASA systems. Moreover, for statistical neatness, all the parameters were evaluated separately within the datasets generated by each CASA system. To standardize the linearity index, those values measured by CellSoft 3000™ were recalculated as the ratio of VSL divided by VCL as measured by CellSoft 3000™.

### ROS measurement {#sec3-3}

ROS formation levels in unwashed semen were measured using a computer-driven LKB Wallac 1251 Luminometer™ (LKB Wallac, Turku, Finland) simultaneously with the routine semen analysis performed within the first day of consultation. Chemiluminescence was recorded after the addition of 40 μl of 100 mmol l^−1^ luminol (5-amino-2,3-dihydro-1,4-phtalazine-dione) to 500 μl of unwashed semen. ROS formation was considered positive when the luminescence was ≥0.1 mV s^−1^ at peak value.[@ref15] The integrated chemiluminescence between 0 and 30 min after the addition of luminol to unwashed semen was expressed by the values mV per 30 min 10^−8^ spermatozoa, and regarded as a ROS level of the sample (**[Figure 1](#F1){ref-type="fig"}**). Because of the skewed distribution of ROS levels, data were normalized by logarithmic transformation prior to further statistical analyses.

![Reactive oxygen species (ROS) measurement by chemiluminescence method. When the peak level was ≥0.1 mv s^−1^, ROS formation was considered positive. The integral level of ROS production in the present study was calculated by subtraction of the area under the baseline from total chemiluminescence values between 0 and 30 min after the addition of 40 μl of 100 mmol l^−1^ luminol (5-amino-2,3-dihydro-1,4-phtarazine-dione) to 500 μl of unwashed semen, and expressed as the values mV per 30 min 10^−8^ spermatozoa.](AJA-19-350-g001){#F1}

### Statistical analysis {#sec3-4}

Statistical analysis was performed using StatMate V™ (ATMS Co., Ltd., Tokyo, Japan). All data are reported as mean ± s.d. values. Patients were divided into two groups: a ROS-positive group and a ROS-negative group. Eight semen parameters were measured using each CASA system and the results were compared between the two groups using the Student\'s *t*-test. Possible correlation between Log (ROS level) and the eight semen motion parameters in the ROS-positive group was subsequently investigated using Pearson\'s correlation coefficient. A *P* \< 0.05 was considered statistically significant in all cases.

RESULTS {#sec1-3}
=======

Patients' characteristics and semen parameters are shown in **[Table 1](#T1){ref-type="table"}**. Patients' primary diseases were grouped as idiopathic infertility, partners of gynecology patients, patients with clinical varicocele, patients after treatment with a cancer drug, and others in decreasing order.

###### 

Patient characteristics and semen parameters in ROS-positive and -negative groups

![](AJA-19-350-g002)

Among the 847 patients, there were 282 cases (33.3%) positive for ROS. Only the semen characteristics of sperm concentration (SMAS: positive group, 30.20 ± 27.71 × 10^6^ ml^−1^ *vs* negative group, 36.59 ± 48.87 × 10^6^ ml^−1^, *P* \< 0.05; CellSoft: positive group, 12.94 ± 11.57 × 10^6^ ml^−1^ *vs* negative group, 40.59 ± 41.96 × 10^6^ ml^−1^ *P* \< 0.01) and sperm motility (SMAS: positive group, 19.31% ±16.35% *vs* negative group, 23.84% ±17.88%, *P* \< 0.01; CellSoft: positive group, 31.84% ±21.93% *vs* negative group, 34.57% ±23.62%, *P* \< 0.05) were different between groups. **[Figure 2](#F2){ref-type="fig"}** compares the semen parameters in each group. Sperm concentration (*P* \< 0.05; *P* \< 0.01), sperm motility (*P* \< 0.01; *P* \< 0.05), and progressive motility (*P* \< 0.01; *P* \< 0.01) were lower in the ROS-positive group than in the ROS-negative group in both CASA systems. On the other hand, there were no group differences in VSL (*P* = 0.37; *P* \< 0.05), VCL (*P* = 0.27; *P* \< 0.05), LIN (*P* = 0.06; *P* = 0.06), mALH (*P* = 0.12; *P* = 0.19), and BCF (*P* = 0.26; *P* = 0.20) with either CASA system.

![Comparison of the values of semen parameters measured by two CASA systems in ROS-positive and -negative groups. (**a**) Sperm concentration, (**b**) sperm motility, (**c**) straight-line velocity (VSL), (**d**) curvilinear velocity (VCL), (**e**) linearity (LIN), (**f**) mean amplitude of lateral head displacement (mALH), (**g**) beat cross frequency (BCF), (**h**) progressive motility.](AJA-19-350-g003){#F2}

**[Figure 3](#F3){ref-type="fig"}** shows the correlation between the eight sperm motion parameters measured by each CASA system and the values of logarithmic transformed ROS level in the ROS-positive group. Among the sperm motion parameters, sperm concentration (*P* \< 0.01, *r* = 0.54; *P* \< 0.01, *r* = 0.45), sperm motility (*P* \< 0.05, *r* = 0.15; *P* \< 0.01, *r* = 0.31), mALH (*P* \< 0.05, *r* = 0.15; *P* \< 0.01, *r* = 0.49), and progressive motility (*P* \< 0.05, *r* = 0.15; *P* \< 0.01, *r* = 0.61) showed significant inverse correlations with logarithmic transformed ROS in both CASA systems.

![Scatterplot of logarithmic transformed ROS levels, showing each relationship between the ROS levels and sperm motion parameters measured by two CASA systems in ROS-positive group. (**a**) Sperm concentration; (**b**) motility; (**c**) VSL; (**d**) VCL; (**e**) LIN; (**f**) mALH; (**g**) BCF; (**h**) progressive motility. Circle plots expressed SMAS data and approximate lines were continuous. Triangle plots expressed CellSoft data and approximate lines were broken. Sperm concentration (*P* \< 0.01; *P* \< 0.01), motility (*P* \< 0.05; *P* \< 0.01), mALH (*P* \< 0.05; *P* \< 0.01), and progressive motility (*P* \< 0.05; *P* \< 0.01) showed inverse correlations with ROS level.](AJA-19-350-g004){#F3}

DISCUSSION {#sec1-4}
==========

The spermatozoal plasma membrane is rich in the polyunsaturated fatty acids necessary to maintain the fluidity required for membrane fusion during fertilization, and therefore, it is highly susceptible to oxidative stress.[@ref14][@ref19] The mechanism of ROS-induced declines in sperm motility is explained by the fact that excessive ROS damages spermatozoal membrane polyunsaturated fatty acids and produces lipid peroxides. Moreover, accumulation of lipid peroxides causes degeneration of the spermatozoal membrane, loss of membrane fluidity, a decline in the capacity for sperm-oocyte fusion, and decreased sperm flagellum motion due to lower intracellular sperm adenosine triphosphate levels.[@ref20][@ref21]

In 1987, Aitken and Clarkson first detected ROS in human washed semen using a chemiluminescence method.[@ref2] Since then, the influence of ROS on male fertility has been frequently reported, and now, oxidative stress is believed to be one of the important factors of male idiopathic infertility. Using the same chemiluminescence method, Iwasaki and Gagnon reported that ROS formation in semen was detected in approximately 40% of infertile male patients and was inversely correlated with sperm motility and linearity.[@ref15] They reported that ROS levels in whole semen did not correlate significantly with other sperm motion parameters.[@ref15] Agarwal *et al*. subsequently reported that the ROS level in semen with poor qualities of sperm concentration, motility, and velocity was significantly higher than that of semen with good quality,[@ref22] and that these parameters were related to male fertility. Moreover, there are few reports on the correlation between ROS levels in semen and other sperm motion parameters. We measured these parameters using SMAS™, a new CASA system, and conventional CellSoft 3000™. SMAS™ has been commercially available since 2002 in Japan at approximately one-tenth the cost of a traditional CASA system, despite requiring just a few minutes to analyze multiple sperm motion parameters.

According to our results, ROS detection was positive in 33.3% of unwashed patient semen samples. This finding does not conflict with the results of other published studies. Compared with the ROS-negative group, the ROS-positive group showed a significant decline in sperm concentration, sperm motility, and progressive motility. In addition, the logarithmic transformed ROS levels in the ROS-positive group showed a strong inverse correlation with the sperm concentration, motility, mALH, and progressive motility. Among these parameters, sperm concentration showed the strongest inverse correlation with semen ROS level. This relationship could originate from the large number of immature or abnormal spermatozoa, a prominent ROS source, present in hypospermatogenetic testes producing excessive ROS levels in semen. In addition, because the ROS levels in our data represent the integration of chemiluminescence per one unit or the number of spermatozoa (×10^8^), the fewer spermatozoa that are present, the larger the ROS level per individual unit will be. In other words, low sperm concentration indicates frailty of spermatozoa against the harm of ROS in semen. There have been few reports on the relationship between sperm concentration and ROS in unwashed semen.

Our results also demonstrated that there was a strong negative correlation between the logarithmic transformed ROS level and sperm motility as well as mALH and progressive motility. This mechanism might be explained by spermatozoal membrane damage and depressed sperm flagellum motion as described above. The motility parameters ALH, VSL, VCL, and LIN have been reported to be correlated with fertility by several authors.[@ref23][@ref24][@ref25][@ref26][@ref27] In our study, VSL and VCL measured using SMAS did not show correlation with ROS level, but ALH had strong correlation with ROS level. Based on the large number of samples (total 847 cases, 282 positive cases) evaluated, our investigation strongly supports the hypothesis that excessive ROS formation in semen may contribute to decrease in sperm motility and male fertility.

However, we found no correlation between ROS in semen and the linearity index (LIN) in both CASA systems, which contradicts previous reports. This difference may be explained in part as described below. The value of LIN previously reported indicates that spermatozoal straight speed was expressed using a grade of 10 steps. On the other hand, LIN obtained by SMAS™ represents the ratio of VSL to VCL. Moreover, to standardize the LIN values, those measured by CellSoft 3000™ were recalculated as the ratio of VSL divided by VCL as measured by CellSoft 3000™ in this study. Because of these differences, the value of LIN in this study may not correlate with ROS level, even though VSL and VCL values measured by CellSoft 3000™ were correlated. Moreover, our results demonstrated discrepancy between each CASA systems. It might be explained by the fact that each CASA system had specific measurement algorithms. Further investigation is required to better explain this difference.

Our investigation indicated that excessive ROS in semen was largely responsible for the loss of male fertility. However, in 2009, Yumura *et al*. reported the cut-off value of ROS in semen for retaining fertility as 4.35 mV per 30 min 10^−6^ sperm as obtained using a Luminometer,[@ref28] and patients with a value above this threshold obtained significantly lower pregnancy rates. We have not yet attempted to validate the accuracy of this cut-off value. However, look forward to being able to report a positive outcome from this study in the near future.

Finally, as decreasing ROS levels in semen may bring considerably improved sperm motility and will protect sperm from DNA damage and fragmentation, ultimately improving male fertility, it is important to determine the most effective drugs for reducing ROS formation in semen. Although there are a few reports on the efficacy of antioxidant treatments, such as Vitamin C, Vitamin E, coenzyme Q10, and so on for improving male fertility and sperm motility;[@ref11][@ref29][@ref30] large, randomized, controlled studies are required and should be established for examining the efficacy.

CONCLUSIONS {#sec1-5}
===========

Our investigation demonstrated that high levels of ROS in human semen decrease sperm concentration in semen and sperm motility along with other sperm motion parameters. Excessive ROS in semen was also detected in a certain percentage in patients with or without a diagnosed primary disease. These data suggest that ROS formation may be one of the causes of idiopathic infertility and may also be caused directly by degenerated spermatogenetic cells.
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